Beaugé L, DiPolo R. Dual effect of Na i ϩ on Ca 2ϩ influx through the Na ϩ /Ca 2ϩ exchanger in dialyzed squid axons. Experimental data confirming the validity of the squid axon kinetic model. Am J Physiol Cell Physiol 294: C118 -C125, 2008; doi:10.1152/ajpcell.00341.2007.-We propose a steady-state kinetic model for the squid Na ϩ /Ca 2ϩ exchanger that differs from other current models of regulation in that it takes into account, within a single kinetic scheme, all ionic [intracellular Ca 2ϩ (Ca i 2ϩ )-intracellular Na ϩ (Na i ϩ )-intracellular H i ϩ ] and metabolic (ATP) regulations of the exchanger in which the Ca i 2ϩ -regulatory pathway plays the central role in regulation. Although the integrated ionic-metabolic model predicts all squid steady-state experimental data on exchange regulation, a critical test for the validity of it is the predicted dual effect of Na i ϩ on steady-state Ca 2ϩ influx through the exchanger. To test this prediction, an improved technique for the estimation of isotope fluxes in squid axons was developed, which allows sequential measurements of ion influx and effluxes. With this method, we report here two novel observations of the squid axon Na ϩ /Ca 2ϩ exchanger. First, at intracellular pH (7.0) and in the absence of MgATP, Na i ϩ has a dual effect on Ca 2ϩ influx: inhibition at low concentrations followed by stimulation at high Na i ϩ concentrations, reaching levels higher than those seen without Na i ϩ . Second, in the presence of MgATP, the biphasic response to Na i ϩ disappears and is replaced by a sigmoid activation. Furthermore, the model predicts that Ca 2ϩ efflux is monotonically inhibited by Na i ϩ , more pronouncedly without than with MgATP. These results are predicted by the proposed kinetic model. Although not fully applicable to all exchangers, this scheme might provide some insights on expected net Ca 2ϩ movements in other tissues under a variety of intracellular ionic and metabolic conditions. (2, 5, 10, 20 23, 28) . As happens with many membrane transporters, the kinetics of the Na ϩ /Ca 2ϩ exchanger cannot be predicted from simple thermodynamic driving forces (Na ϩ and Ca 2ϩ electrochemical gradients). That is because its overall activity is subjected to regulatory mechanisms, including transported and nontransported intracellular ions (Na ϩ , Ca 2ϩ , H ϩ , K ϩ , and Mg 2ϩ ) and metabolic ligands (MgATP in the heart and MgATP and phosphoarginine in the squid axon). Except for phosphoarginine, all regulations are related to the large intracellular loop of the exchanger protein (10, 23) .
Since the simultaneous discovery of this transport mechanism in the squid axon (3) and the mammalian heart (26), both preparations have become significant tools to study its function and regulation. They were further improved by the introduction of the internal dialysis technique in the squid giant axon, whole cell and excised patch-clamp methodology in the heart, and also in heterologous systems expressing the exchangers.
Squid and heart Na ϩ /Ca 2ϩ exchangers show similarities and differences. The similarities are indeed striking and allow both preparations to be used in the characterization of exchanger properties and in the possible extrapolation of data to pathological conditions. These are intracellular Na
ϩ synergism, and MgATP upregulation (5). Patch-clamp experiments allow the study only of the current-producing translocation modes of the exchanger. On the other hand, the dialyzed squid giant axon and giant barnacle muscle fiber (24) ) transport modes of the exchanger can be assayed under ionic and biochemical control of intra-and extracellular environments. Actually, the analysis of electroneutral transport modes was crucial for this. On the one hand, Na o ϩ /Na i ϩ exchange allowed the affinity of the Ca i 2ϩ -regulatory site and its interactions with cytosolic ionic and metabolic substrates to be unambiguously determined. On the other hand, it was possible to establish a voltage dependence of Ca o 2ϩ /Ca i 2ϩ exchange in contrast with the voltage insensitivity of Na o ϩ /Na i ϩ exchange (9) . At least three main kinetic models have been proposed to explain ion and ATP modulation of the Na ϩ /Ca 2ϩ exchanger. One of them, which accounts for H i ϩ and (H i ϩ ϩ Na i ϩ ) inhibition in the mammalian heart under patch-clamp conditions, was put forward by . This scheme explains well the H i ϩ block of the outward Na ϩ /Ca 2ϩ exchange current in the absence of Na i ϩ (proton block per se) and the cytoplasmic Na ϩ and intracellular pH (pH i ) interdependency in inhibiting the exchange current. The Na i ϩ -H i ϩ synergism is the result of an increased affinity for H i ϩ follow-ing the binding of Na i ϩ to the exchanger. However, the binding sites were not made explicit, and any possible role of the Ca i 2ϩ -regulatory site was not considered (14, 15) . Another model, also in the heart, came from excised giant patch-clamp (17) (18) (19) 21) and whole cell voltage-clamp experiments in myocytes (22) ) and MgATP interactions with the exchanger and 2) Na i ϩ -dependent inhibition takes place at sites other than Na i ϩ transport sites (9, 10) . In the present work, the technique for isotope flux measurement in dialyzed squid axons was improved in a way that makes it possible to sequentially estimate, in the same axon, the influx and efflux of ions. We report here two novel observations that are predicted by the model for ionic and metabolic regulation of the squid Na ϩ /Ca 2ϩ exchanger (see the APPENDIX). First, at low pH i (7.0) and in the absence of MgATP, Na i ϩ has a dual effect on Ca 2ϩ influx: inhibition at low concentrations followed by stimulation at high Na i ϩ concentrations ([Na ϩ ] i ), reaching levels higher than those seen without Na i ϩ . Second, in the presence of MgATP, the biphasic response to Na i ϩ disappears, being replaced by a sigmoid activation. On the other hand, Ca 2ϩ efflux is monotonically inhibited by Na i ϩ , more potently without than with MgATP. This behavior can be explained by synergic H i ϩ -Na i ϩ interactions that are antagonized by the nucleotide. In summary, the experimental results reported here on unidirectional Ca 2ϩ flux measurements under steady-state conditions entirely agree with the integrated ionic-metabolic squid axon model of Na ϩ /Ca 2ϩ exchange.
METHODS
Experiments were carried out with giant axons from Loligo pealei at the Marine Biological Laboratory in Woods Hole, MA. Immediately after decapitation of the squid, giant axons were dissected from the mantle in artificial seawater. The mean axon diameter of Loligo pealei during the April-May 2007 season was 510 m (n ϭ 30). The experimental procedures for internally dialyzing squid axons have been described elsewhere (7) . Dialysis capillaries were from regenerated cellulose acetate fiber with a molecular weight cutoff of 18 Consecutive influx and efflux measurements in a single dialyzed squid axon. The dialysis technique was used to measure influx and efflux in squid axons (7) . Several versions of dialysis chambers have been developed during the last 40 yr. The shortening of the experimental chamber and the introduction of two air gaps at the extremes of the axons allow isotope effluxes to be measured under voltageclamp conditions (see Ref. 10) . One of the main limitations of the original technique for measuring ion influxes was that, due to longitudinal diffusion, the intracellular collected isotope also came from regions beyond the porous area, resulting in relatively high and unstable influx values. To solve this problem, the axon length exposed to the external isotope solution coincided strictly with the dialyzed portion; this was accomplished by keeping the segment of the axon beyond the porous region free of isotope (7).
We adapted the original influx chamber (7) to the dimensions of the efflux chamber (13), making it possible to measure both influx and efflux in the same axon. This eliminates natural variations between axons, and, since the area exposed to the radioactive external and internal media is the same, it is possible to precisely measure the influx-to-efflux ratio or net Ca 2ϩ flux (Ca 2ϩ influx Ϫ Ca 2ϩ efflux). The new influx-efflux chamber is shown in Fig. 1 , A and B. The procedure for influx-efflux sequential measurements is to measure the influx first. 45 Ca 2ϩ enters the central compartment through the isotope inlet (influx; see Fig. 1A , lateral view), at first rapidly, at a rate of 1.2 ml/min to obtain a good mix, and then slowly, at 2.3 ml/h. A glass cover is placed on the top of the central compartment, restricting its opening to the sides (see Fig. 1, A and B) ; in this way, the isotope filling the central compartment leaks out to the lateral ones, where it is collected by the isotope-free outlet guard. The isotope confined to the dialyzed region is shown as a shaded area in Fig. 1, A and B .
To keep the extremes of the axon free of isotope, an isotope-free medium (similar to the external medium) is perfused through the isotope-free inlet (influx; Fig. 1, A and B) and removed by the outer guards located in the lateral compartment (Fig. 1B, outer guard) at a rate of 0.750 ml/min. To check that no significant amounts of isotope were leaking to the lateral compartments, samples were taken and counted during the course of an experiment. Well-defined boundaries between the center (isotope) and lateral (isotope free) compartments could be easily viewed by the addition of phenol red (0.5 mM) to the radioactive medium. To avoid changes in hydrostatic pressure between the lateral compartments that could cause a flow of isotope-free solution into the central compartment, the whole chamber was closed by a rectangular bath covering the entire axon [ Fig. 1A , external solution level (influx)] (7).
For influx experiments, we used a high specific activity in the external medium (ϳ600,000 counts ⅐ min Ϫ1 ⅐ l Ϫ1 , representing 120 counts ⅐ min Ϫ1 ⅐ fmol Ϫ1 for 5 mM Ca 2ϩ ). This allows the estimation of fluxes as low as a few femtomoles per centimeter squared per second of Ca 2ϩ entering the axon. During influx experiments, the dialysis capillary was perfused at a rate of 3 l/min, and the solution was collected at the end (periods of 3 min) and counted online. For subsequent Ca 2ϩ efflux measurement, the glass cover was removed, the inlet (efflux)-outlet (efflux) guards were turned on, and the lateral compartments was turned off (Fig. 1B) . Immediately, the dialysis medium was changed to one containing the radioactive material and perfused at a rate of 3 l/min (8, 9) . Influx was always measured first to avoid the build up of significant amounts of intracellular isotope during the course of an efflux experiment. For efflux measurements, the external medium was perfused at a rate of 3 ml/min (inlet and outlet efflux; Fig. 1B ); The abscissa shows [Na ϩ ]i (in mM). Note the following: 1) the external solution was Na ϩ free; 2) Na i ϩ had a dual effect on Ca 2ϩ influx (inhibition at 25 mM followed by activation at higher concentrations); and 3) Ca 2ϩ efflux was monotonically inhibited by Na i ϩ inhibition with a K0.5 of ϳ10 mM. Points represent means Ϯ SE; n ϭ 5 axons. Temperature was 19°C. 
RESULTS

Effects of [Na
1) the inhibition of Ca
2ϩ influx elicited by 25 mM Na i ϩ was completely abolished, and even a small increment was observed; and 2) as previously reported (9) . We did that and obtained saturating curves with a higher apparent affinity in the presence of MgATP, which concur with the experiments shown in Fig. 8 (not shown here) . ); the abscissa shows Na i ϩ (in mM). Note the following: 1) all extracellular solutions were Na ϩ free; 2) the influx of Ca 2ϩ was monotonically stimulated by Na i ϩ ; and 3) the efflux of Ca 2ϩ was monotonically inhibited by Na i ϩ with a K0.5 of ϳ75 mM. Points represent means Ϯ SE; n ϭ 4 axons. Temperature was 19°C. ); the abscissa shows [Na ϩ ]i (in mM). Note the following: 1) external solutions were Na ϩ free; 2) Na i ϩ stimulated Ca o 2ϩ -dependent Na ϩ efflux through a sigmoid curve; and 3) K0.5 for Na i ϩ activation was ϳ80 mM in the absence of ATP and 37 mM in the presence of ATP. Points represent means Ϯ SE; n ϭ 3 axons. Temperature was 19°C. Fig. 9 . Overall cycling kinetic model for ionic and ATP modulation of the squid Na ϩ /Ca 2ϩ exchanger. Definitions and values of unidirectional rate constants as well as other relevant information are listed in the APPENDIX. This model is based on a kinetic scheme proposed previously (9) .
DISCUSSION
The results presented here show a novel property of the squid nerve Na ϩ /Ca 2ϩ exchanger: a dual effect of Na i ϩ on the influx of Ca 2ϩ and inhibition at low [Na ϩ ] i followed by activation as [Na ϩ ] i is increased. This effect takes place only at relatively low pH i (7.0) and in the absence of ATP. Actually, as shown above, the presence of MgATP completely overcomes this dual behavior of Na i ϩ on Ca 2ϩ influx inhibition. A plausible explanation for these results is the already described synergistic (H i ϩ ϩ Na i ϩ ) interaction (9) . According to the proposed scheme (see Fig. 9 ), the basis for these effects is the ability of Na i ϩ to drive the exchanger into two opposite conformations. One of these is the dead end H 2 EiN complex, where the Ca i 2ϩ -regulatory site and Ca i 2ϩ and Na i ϩ transport sites are empty and unable to produce transport. The H 2 EiNa complex thus constitutes a sink. The other is the CaEiNa 3 complex, with Ca i 2ϩ bound to its regulatory site and 3 Na ϩ bound to their transporting sites and ready to be transformed into the CaEoN3 form, which immediately releases 3 Na ϩ to the external medium. On the other hand, the CaEiNa 3 complex is recycled as the translocation cycle goes on. Accordingly, the final effect of Na i ϩ on the influx of Ca 2ϩ would depend on the balance between these two exchange conformations.
However, there is an additional inhibitory effect of Na i ϩ , and that is on the efflux of Ca 2ϩ . In this case, although only a monotonic inhibition curve is to be expected, it will be made up of the sum of two different actions: one due to the formation of the H 2 EiNa state and the other due to the competition of Na i ϩ with Ca i 2ϩ for the intracellular transport sites. According to the model discussed here (Fig. 9 and APPENDIX) , the expectations are that, at pH i 7.0, the first mechanism will prevail without MgATP and be much reduced or abolished with MgATP. This is exactly what was found when Figs. 3 and 4 were compared with Figs. 5 and 6 (see Ref. 9) . Also, simulations with the model presented here show that alkaline pH i acts similarly to MgATP in abolishing the dual effect of Na i ϩ on Ca 2ϩ influx (not shown).
It might be argued that the data presented here could plausibly be interpreted solely in terms of Na ϩ interactions with the translocation sites on the basis of the model proposed for the cardiac Na ϩ /Ca 2ϩ exchanger. Several reasons indicate that this is not the case. On the one hand, the effects of pH i , MgATP, and (H i ϩ ϩ Na i ϩ ) synergic inhibition on the regulatory site of the heart system are well documented (5, 18, 19) ; to ignore these interactions and focus only on translocation sites seems an oversimplification. On the other hand, some working assumptions would require different translocation rates of the reversal Na ϩ /Ca 2ϩ and Ca 2ϩ /Ca 2ϩ exchanges, where the first should be slower. Actually this is not the case for the squid axon, where the only limiting branch for translocation, including that at alkaline pH i (8.8) , is the entry of Ca 2ϩ (8, 12) . Other experimental results in dialyzed squid axons also unambiguously show that, provided the Ca i 2ϩ -regulatory site is saturated, neither MgATP nor pH i has any effect on the affinity of the intracellular transport sites for Ca 2ϩ or Na ϩ . In addition, those affinities are not affected by protons in the presence of MgATP or by MgATP at alkaline pH i (Ref. 11 and Beaugé and DiPolo, unpublished observations). Furthermore, the comparison of Figs. 4 and 6 of this work shows that, at pH i 7.0, inhibition of Ca 2ϩ efflux by Na i ϩ is much more effective in the absence than in the presence of MgATP. Therefore, the Na ϩ -Ca 2ϩ competition at the transport site(s) is seen in the presence of MgATP, while, without the nucleotide, Na i ϩ inhibition must occur somewhere else. With no changes in the intrinsic affinities of the intracellular transport sites for Na ϩ or Ca 2ϩ , the only feasible explanation seems to involve effects on the Ca i 2ϩ -regulatory site. Actually, this differential inhibition of Ca 2ϩ efflux by Na i ϩ is predicted not only by the steady-state overall cycling scheme described here (see below) but also by the more restricted fast equilibrium scheme of the squid axon model (9, 12) .
The complete transport cycle of the squid Na ϩ /Ca 2ϩ exchanger and the simulation data are shown in Figs. 9 and 10 . The values and rationale for the rate constants used are indicated in the APPENDIX. The simulations, described in Fig. 10 , show that the model in fact predicts the experimental flux data. ϩ activated reverse exchange (Ca o 2ϩ / Na i ϩ ) through a sigmoid curve in both instances; 2) the apparent affinity for Na i ϩ was lower in the absence than in the presence of ATP; and 3) the simulation adequately reproduced the results shown in Fig. 8 . All simulations were carried out with the kinetic model described in Fig. 9 using the values and procedures listed in the APPENDIX.
In Fig. 10A , the dual effect of Na i ϩ on the influx of Ca 2ϩ (inhibition at low and activation at high [Na ϩ ] i ), seen at pH i 7.0, is replaced by a monotonic activation in the presence of 3 mM ATP (compare with Fig. 4) . Other simulations not shown here demonstrate that, at alkaline pH i , inhibition by Na i ϩ is no longer observed even without ATP. In Fig. 10B , the simulation curves of Na ϩ efflux as a function of [Na ϩ ] i reproduce the experiments shown in Fig. 8 .
An obvious advantage of the squid model is that it takes into account and explains, in a single kinetic scheme, the behavior of steady-state Na ϩ /Ca 2ϩ exchange fluxes under a whole variety of ionic and metabolic conditions investigated up to the present in this preparation (6, 9, 25) . It is important to notice that the squid scheme also predicts the existence of a pre-steady-state Na i ϩ inactivation that is enhanced at low pH i and counteracted by alkalinization, ATP, and an increase in [Ca 2ϩ ] i (10, 11) . The question is to what extent it can be applied to other exchangers, particularly that of the mammalian heart. And that is far from straightforward. Compared with the cardiac exchanger, the squid scheme fails to predict the experimental findings, sustained by other theoretical models, of an increased rate of Na i ] i (17, 21) . Also, although the final targets for MgATP effects in the squid axon and in the heart are related to the Ca i 2ϩ -regulatory site, it must be remembered that the metabolic pathways for that modulation are completely different in both preparations (5, 10) .
Another important difference between the squid axon and mammalian heart is in the effects on extracellular monovalent cations. Thus, whereas in the squid axon, Li ϩ , K (1, 3, 4) , they fail to do so in cardiac cells under giant patch conditions (21) . Based on this, it is not unlikely that both systems do have kinetic differences. Nevertheless, and although not fully applicable to all exchangers, the scheme presented here might provide some insights on expected net Ca 2ϩ movements in other tissues under a variety of intracellular ionic and metabolic conditions, leading to modifications in the concentrations of intracellular regulatory ligands (Ca i 2ϩ -Na i ϩ -H i ϩ and MgATP). Finally, some considerations about methodology seem appropriate. The efflux of Na ϩ in exchange for Ca 2ϩ in either direction is an electrogenic event. Nowadays, a lot has been learned about this system, in particular ligand interactions related to Na i ϩ inactivation, by measuring Na ϩ /Ca 2ϩ exchange currents in the reverse mode (see Ref. 5 for references). However, even such a powerful approach will be of no use for detecting the inhibition of the Na ϩ /Ca 2ϩ exchanger by low [Na ϩ ] i at low pH i and without ATP, as described here. To that aim, methods other than the current measurements must be applied.
APPENDIX
The model shown in Fig. 9 is an overall cycling scheme based on that initially proposed for the squid Na ϩ /Ca 2ϩ exchanger (9) . The set of simultaneous differential equations was solved by using the chemical reaction facility of the Scop simulation program for steady-state conditions. As shown in Fig. 9 , "f" means forward rate constant for transport (Ca i 2ϩ exit and Na o ϩ entry) or the "on" rate constant for a ligand binding, whereas "b" means backward rate constant for transport (Ca o 2ϩ entry and Na i ϩ exit) or the "off" rate constant for a ligand binding. External ligands and externally facing binding sites of the exchanger are labeled with an "o"; conversely, intracellular ligands and internally facing binding sites are labeled with an "i." For the sake of simplicity, all on rate constants were arbitrarily taken as equal to 10 8 M Ϫ1 ⅐ s Ϫ1 . The other constants were chosen to obtain the experimental results, and obviously it is very likely that more than one set would work.
Other points to mention here are as follows. First, the lower value for the backward Ca 2ϩ translocation constant is sustained from experimental results in squid axons (12) . Second, to maintain microscopic reversibility (for thermodynamic reasons) in the closed loop, the product of the clockwise and counterclockwise rate constants must be equal. Therefore, the following equality fci ϫ fc ϫ bco ϫ fno ϫ fn ϫ bni ϭ bci ϫ bc ϫ fco ϫ bno ϫ bn ϫ fni can be reduced to fc ϫ bco ϫ fn ϫ bni ϭ bci ϫ bc ϫ bno ϫ bn ϩ and H ϩ to their inhibitory sites was arbitrarily assumed to be equal for both ligands and to act by increasing the off rate constants by the same factor in the following way (9) 
